Leptin is an important factor regulating appetite and energety metabolism; disturbances in its signaling are related to adiposity and contribute to the excessive body fat. About a third of the human population is overweight or suffers from obesity, as well as from associated medical conditions. It is well established that vegetarian, especially vegan, diet is very effective in lowering BMI and body fat, thus, plant-based diets are associated with a lower risk of obesity. The aim of this study was to evaluate the plasma levels of leptin in lacto-ovo-vegetarian and vegan volunteers with normal BMI. The intake of energy and selected diet components such as polyunsaturated fatty acids (PUFA) and carbohydrates was also investigated. The study involved healthy women -14 omnivores, 17 lacto-ovo-vegetarians, and 11 vegans. All women had a normal BMI (18.5-24.99). The plasma leptin levels were examined with immunoenzymatic test (ELI-SA). All participants were interviewed to estimate their nutrient intake by performing a 24-hour dietary recall. Both lacto-ovo-vegetarians and vegans had lower plasma leptin concentrations than their meat-consuming counterparts. Every analyzed diet group had a different body fat content, with the highest level in omnivores and the lowest in vegans. All participants had similar calorie, total fat, and total carbohydrates intake. Total PUFA and specifically omega-3 fatty acids consumption was lower in omnivores when compared to both types of plant diet; the same was found for fiber intake. Our results suggest that adopting a plant-based diet may be beneficial for energetic metabolism, as it significantly lowers the body fat storage and circulating leptin levels.
INTRODUCTION
Leptin is a peptide hormone synthesized mainly in the white adipose tissue with smaller amounts secreted by the other organs, including brain, stomach, and placenta, that plays a pleiotropic role in the body. This adipokine acts as a regulator of energy homeostasis. It decreases food consumption, thus contributing to the maintenance of the normal body mass (Gogga et al., 2011; Friedman, 2014) . There are several leptin receptors, yet the most important isoform is the long isoform, LEPRb, a membrane receptor expressed in the hypothalamus and numerous peripheral tissues, comprising gastrointestinal tract and related organs, pancreas, gonads, kidneys, spleen, lungs, and muscles (including heart muscle) (Margetic et al., 2002) . By binding to its hypothalamic receptors leptin activates signaling pathway that decreases the gene expression of neuropeptide Y (NPY) and agoutirelated protein (AgRP), while concomitantly increasing the expression of gene encoding proopiomelanocortin (POMC); these changes elicit decrease of appetite and food consumption leading to the loss of body fat and body mass (Belgardt & Brüning, 2010) .
Apart from controlling the appetite, leptin is deeply involved in lipid metabolism. It stimulates the increase in expression of genes encoding enzymes involved in lipolysis and β-oxidation in numerous tissues, such as WAT (William et al., 2002) , liver (Toyoshima et al., 2005) , pancreatic islands (Shimabukuro et al., 1997) , skeletal muscles (Akasaka et al., 2009) , and heart (Sharma et al., 2009 ). On the other hand, leptin decreases lipogenic enzymes expression and de novo fatty acids (FA) biosynthesis (William et al., 2002) . Additionally, it suppresses free FA intake by adipose tissue cells, thus decreasing their bioavailability for TAG synthesis (Buettner et al., 2008) . Leptin is also involved in lipid metabolism of bile gland -under the influence of high-fat diet, it stimulates the disposal of excess cholesterol with bile (VanPatten et al., 2001) .
Leptin also participates in the carbohydrate metabolism. It is well known that this adipokine increases insulin sensitivity in the peripheral tissues. It stimulates glucose uptake in skeletal muscle cells, leading to the increase in glycogen storage in myocytes. In hepatocytes, leptin decreases glucose intake resulting in a decrease in glycogen synthesis in these cells, together with decreased gluconeogenesis. Moreover, it decreases both the basic and glucose-stimulated secretion of insulin from the pancreatic islands (Morton & Schwartz, 2011) .
In general, leptin is an adipokine deeply involved in appetite regulation and energy metabolism. Disturbances in its functioning lead to various metabolic disorders, which may be elicited by the lack of Lep gene product (Montague et al., 1997) or by so-called leptin resistance. The cause of leptin resistance may be a mutation in the gene encoding the long form of leptin receptor (Chen et al., 1996) . It may also be a result of the decreased efficiency of leptin transport through the blood-brain barrier or by disturbances in leptin signaling pathway (El-Haschimi et al., 2000) . The two latter dysfunctions result from the high-fat diet (El-Haschimi et al., 2000) . Leptin resistance may lead to adiposity, which is one of the most common health issues in the modern world, posing an important and urgent challenge for medicine (Rössner, 2002) . People with excess body fat have a lower quality of life when compared to the normal-weight subjects, but, what is more relevant, they are vulnerable to a number of additional negative health outcomes (Mottillo et al., 2010) . Moreover, central obesity is a component of the metabolic syndrome, a cluster of metabolic disorders including insulin resistance, dyslipidaemia, and elevated blood pressure (Alberti et al., 2006) , which contributes to the development of multiple cardiovascular diseases and type 2 diabetes.
A diet excluding meat appears to be useful in the prevention of cardiovascular diseases, type 2 diabetes, and obesity. Vegetarians have significantly lower levels of triacylglycerols, total cholesterol, low-density lipoprotein (LDL), glucose, blood pressure, waist circumference, and body mass index (BMI) when compared to omnivores (Rizzo et al., 2011) . One can assume that vegetarians, having lower BMI than meatconsumers, are characterized by lower leptin levels. Despite many reports suggesting that the vegetarian diet may protect against particular diseases, its influence on the energy metabolism is poorly understood. The research on the levels of circulating leptin in vegetarians pertain mainly to children (Ambroszkiewicz et al., 2004) or specific ethnic groups, whose diet is determined by the environmental conditions (Winnicki et al., 2002) ; there is little research regarding this issue conducted on adult men and women living in the developed countries (Kahleova et al., 2011) . It is well established that a high-calorie diet, rich in SFAs and sugar, and fiber-poor is a crucial factor in the development of obesity. The vegetarian diet is rich in dietary fiber and has low caloric density, which might reduce the amount of stored fat and thus levels of circulating leptin. Results of the recent studies indeed suggest that vegetarian diet patterns may contribute to the lower body mass (Huang et al., 2016) .
OBJECTIVE
This paper was aimed to examine plasma leptin levels in healthy volunteers with normal BMI being on lactoovo-vegetarian or vegan diet, and to analyze the possible correlation between these levels and selected diet components.
MATERIAL AND METHODS

Subjects.
The study involved healthy women (N=42) between 18 and 53 years old (mean age was 29.5 ± 8.2). Participants were divided into three groups. There were 14 omnivores, 17 lacto-ovo-vegetarians, and 11 vegans. All women had normal BMI, i.e. between 18.5 and 25.0. The participants were recruited via electronic media. The announcements about the research, including detailed information on the purpose and planned course of the study, were released on particular websites, providing instructions on how to join in. To be included in the study group the participants were required to had been on a vegetarian or vegan diet for at least one year continuously. The control group consisted of persons who consume meat regularly.
None of the diet groups included any individuals with any chronic diseases nor pregnant or lactating women. All subjects participated voluntarily and provided fully informed consent before the study began. During consultations with the dietician venous blood was collected after an overnight fast. The study was approved by the local Independent Bioethics Commission for Research and was a part of the Nutritional Status of Vegetarians Research (grant no: MN 01-0098/08). To estimate participants' nutrient intake a 24-hour dietary recalls were performed (Gronowska-Senger, 2013). Respondents were not informed about the interview prior to the consultation, in order to avoid potential changes in eating habits. All recalls were performed by a well-trained, experienced interviewer, using an album with photographs of various food products and meals to help the respondents estimate the portion sizes. On the basis of the interviews, the intake of energy and selected diet components was calculated, using Cronometer ® (https://cronometer.com/). This software enables the user to analyze single meals and beverages and estimate their nutritional values.
Following anthropometric data were collected: -height, using the measuring rod; -circumference of waist, hip, and arm, with a tape measure;
-body mass, with an electronic scale; -percentage of body fat content, using the multi-frequency bioelectrical impedance analyzer Bodystat 1500.
Height and body mass were used to calculate Body Mass Index.
Analytical methods. The collected blood was immediately centrifuged to obtain plasma, which was stored at -80ºC before the analysis. Plasma leptin levels were assessed with immunoenzymatic test ELISA (DRG Diagnostics, Germany) and ELISA plate reader (ELIZAMAT 3000).
Statistical analyses. All calculations (descriptive statistics, tests, diagrams) were made in Statistica 12 (Statsoft). When the required assumptions were met, one-way ANOVA test was used. The test applied post-hoc was the Tukey's test. Due to the lack of variance homogeneity, presumable differences in total fat and omega-3 FA intake were evaluated with the Kruskal-Wallis test. The Dunn's test was applied post-hoc. Outlier values were excluded based on the Grubb's test result. The results were regarded as statistically significant when p≤0.05. All statistically significant results were presented using boxplots.
RESULTS
Plasma leptin levels
Mean concentration of leptin in the plasma was 7.45 ± 2.75 for omnivores, and 3.87 ± 1.96 and 2.89 ± 1.89 for vegetarians and vegans, respectively (Table 1 ). There were statistically significant differences in plasma leptin levels between different diet groups (F 2.39 =15.244 p=0.0001) (Fig. 1A) . The Tukey's test revealed that leptin concentrations were significantly lower in both vegetarians and vegans when compared to omnivores.
Anthropometry
There were statistically significant differences in body fat percentage (F 2.39 =7.536, p=0.002) (Fig. 1B) between omnivores and both plant-based diet groups, thus despite the fact that BMI was normal in all participants, they varied in body fat content, which was higher in meat-eaters.
Dietary components intake
The calorie (F 2.35 =0.151, p=0.860) and total fat (H 2.36 =0.541, p=0.763) intake did not differ significantly between the examined diet groups. In contrast, total PUFA (F 2.35 =9.691, p=0.0004) and omega-3 FA (H 2.36 =15.530, p=0.0004) intake was significantly different in the analyzed groups. Post-hoc tests revealed that daily intake of PUFA was lower in omnivores when compared to both types of the vegetarian diet, while omega-3 FA intake was higher in vegans in comparison to the other groups. The same was found for fiber intake (F 2.36 =8.233, p=0.001), which was higher in vegans than in the other diet types, though there were no statistically significant differences in total carbohydrate intake (F 2.35 =1.055, p=0.359) (Table 2, Fig. 2) . 
DISCUSSION
The results of the presented study showed that people who adopted a vegetarian dietary pattern had lower plasma levels of leptin when compared to the meat-consumers. Similar results were obtained by Ambroszkiewicz and colleagues (Ambroszkiewicz et al., 2004) . That study, however, pertained to prepubertal children. The mean plasma level of the adipokine in vegetarian children was 3.0 ± 1.1 ng/ml. The studied group was mixed and consisted mainly of lacto-ovo-vegetarians, with smaller share of ovo-vegetarians and only a few vegans. For children who consumed meat it was 5.1 ± 2.0 ng/ml. In a later study of the same authors the vegetarian children had leptin levels at 3.0 ± 2.1 ng/ml, while in children on a traditional diet it was 6.8 ± 3.4 ng/ml (Ambroszkiewicz et al., 2011) . The presented values are comparable with the ones obtained in this study. The mean plasma leptin levels for omnivores, vegetarians and vegans were 7.45 ng/ml, 3.87 ng/ml, and 2.89 ng/ml, respectively. Corresponding conclusions can be made also from the study performed by Kim and Bae (Kim & Bae, 2015) . The authors examined the plasma concentrations of leptin between semi-vegetarians and omnivores. Postmenopausal women being on semi-vegetarian diet had significantly lower plasma leptin concentrations than their mixeddiet counterparts. The influence of a plant diet on the plasma level of leptin was examined also in patients with diabetes type 2, in a prospective study. The participants were assigned to one of the two groups: an experimental group, which received only plant meals for 24 weeks, and a control group, being on a conventional diabetic diet. Both diets were calorie-restricted. Additionally, all participants were prescribed an exercise program. The vegetarian diet was based almost entirely on plant foods. The only animal-derived product was a low-fat yogurt consumed once a day. At the end of the experiment, the subjects on the plant diet had significantly lower levels of plasma leptin when compared to the conventionaldiet group. This decrease may be attributed, at least partially, to the reduction in the fat tissue volume (both visceral and subcutaneous), which was more pronounced in the experimental group (Kahleova et al., 2011) .
It has been long known that plasma leptin levels strongly correlate with the amount of adipose tissue, thus the more obese a person is, the higher blood leptin concentration is observed . Moreover, elevated leptin levels may further contribute to the weight gain because of the leptin resistance. This condition results from a high-fat diet, when there is no appetite-decreasing effect of the hormone. Therefore, high leptin concentrations may signal excessive calorie intake and be symptomatic of the development of obesity and associated disorders. It is well documented that the principal factor affecting the plasma leptin level is the amount of adipose tissue, i.e. the number and size of adipocytes, and many publications showed that vegetarians, especially vegans, are slimmer than meat-eaters (Tonstad et al., 2009; Sabaté & Wien, 2015; Huang et al., 2012; Dinu et al., 2017) . Thus, benefits from adopting a vegetarian diet manifested as lower plasma levels of the adipokine in comparison to the omnivores may be attributed to the lower average body fat content. We managed to confirm this observation in our study. Despite the fact that all included women had normal BMI, analysis of variance showed significant differences in body fat content (F 2.39 =7.536, p=0.002), which was lower in both types of vegetarian-diet groups when compared to the meat-consumers.
The analysis of the frequency of consuming certain food components showed that people who adopt a plant diet exhibit higher consumption of PUFA than meatconsumers (Clarys et al., 2014) . Vegan participants of our study also had significantly higher intake of omega-3 FA (p<0.001) when compared to the other analyzed diet groups, while calorie and total fat intake was similar. This may be an additional factor (along with the energy storage) responsible for the observed discrepancies in plasma leptin levels. The influence of a habitual diet on plasma concentrations of the hormone, independent of body fat, was previously described (Winnicki et al., 2002) . In vitro and animal experiments provided evidence that diet composition, mainly PUFA intake, is a significant factor influencing circulating levels of the adipokine because of their participation in leptin gene expression control. Observations from DIO mice fed a diet rich in omega-3 FA suggested that one of the epigenetic factors influencing the expression of leptin gene are histone modifications (Shen et al., 2014) . In rats, the expression of the leptin gene in epididymal adipose tissue was lower in the group fed omega-3 FA-enriched diet when compared to the group fed lard-enriched diet (Reseland et al., 2001) . In another study, rats kept on a diet rich in SFA had higher both plasma leptin level and leptin mRNA concentration in retroperitoneal adipose tissue when compared to animals fed meals rich in omega-3 FA (Ukropec et al., 2003) . Moreover, these authors made an interesting discovery that including omega-3 FA in a diet may also interact with the expression of the short form of the leptin receptor gene. In examined rats, omega-3 FA up-regulated mRNA biosynthesis of this receptor in the liver, contributing to lowering of the plasma leptin level (Ukropec et al., 2003) . Additionally, in vegetarian children there were higher levels of the circulating leptin receptor -a soluble isoform of the receptor, binding adipokine in the vascular system -when compared to the omnivores (Ambroszkiewicz et al., 2011) . Increased expression of the genes encoding certain leptin receptors enables binding more leptin molecules, yet the regulatory mechanism of this process needs further studies.
Another explanation for the observed plasma leptin levels variation may be the differences in carbohydrates composition of diets of the examined subjects. The vegetarians and vegans who participated in our study exhibited the same intake of carbohydrates as their meat-eating counterparts, while the fiber intake was significantly higher. This suggests that participants whose diet is conventional are likely to consume more mono-and disaccharides and starch, which are known for their high glycaemic index values. Concentrations of glucose and insulin were not analyzed in the presented study, it is known, however, that strict plant diet improves both fasting and postprandial plasma glucose levels (Kim et al., 2013; Dinu et al., 2017) . Additionally, a significant decrease in glycaeted hemoglobin (Hb A1c) (Barnard et al., 2009) and improved insulin sensitivity (Kahleova et al., 2011) in vegetarian subjects was previously observed in the interventional studies. Concomitantly, it was established that leptin correlates positively with insulin and glucose concentrations -the regulation of the leptin gene expression is stimulated by circulating insulin, which acts upon its transcription and translation (Lee et al., 2007; Pratley et al., 2000) . Glucose is also engaged in the modulation of plasma leptin levels by participating in the upregulation of the Lep gene expression and secretion of the hormone by the adipose tissue (Mueller et al., 1998) .
We are aware of the limitations of the presented study. First, the number of participants was relatively small. Second, for dietary assessment we used 24-hour diet recall, what may result in under-or overestimating the real food intake, making the method disputable. For the best results, it is recommended to use 24-hour diet recalls repeated for few days or dietary records, however, for evaluating mean nutrient consumption in a certain group -e.g. vegans -24-h diet recall is an adequate tool (Gronowska-Senger, 2013) . One must keep in mind that the aim of this study was to examine the average intake of given nutrients and to correlate it with the plasma leptin concentration, not to assess the exact intake at the individual level. Moreover, this method has some essential advantages. The ongoing recording may affect the type and amount of food eaten by the participants (Thompson & Byers, 1994) . There are also suggestions that actual food intake may be underreported, especially by certain groups of respondents (Goris et al., 2000; Poslusna et al., 2009 ).On the other hand, a 24-h diet recall does not affect one's eating habits, because the interview is conducted after food consumption. Additionally, live conversation gives the possibility to question a respondent thoroughly about the details that may be missed during the recording, e.g. consumed snacks or the way food was prepared (Thompson & Byers, 1994) .
This was a pilot study, aimed for quick preliminary results. The next stage is presently under way -in addition to 24-h recalls, respondents are making dietary records for 3 to 7 days, for more accurate information on nutrient consumption. Moreover, the study and control group sizes have been increased.
CONCLUSIONS
In conclusion, the results of the presented study showed that people whose diet is based primarily or entirely on plant food have lower plasma level of leptin when compared to omnivores, as a result of lower body fat content, which was observed in examined lactoovo-vegetarian and vegan women. An additional factor reducing leptin plasma level in those women may be the higher intake of omega-3 FA, as it was proved that diet composition, mainly fatty acid type, may influence the circulating leptin level. Through positive changes in energy metabolism, manifested in lower leptin concentrations, plant-based diets may be an important factor preventing people from developing metabolic syndrome with the associated health outcomes.
